this volume) and the B sensing phototropins (see Christie, this volume). The strategies used to influence desirable traits using these receptors are discussed in Section II.
Of the three families, the phytochromes have so far attracted the most interest for biotechnology applications. This is in part because the phytochromes have been known for longer than other photoreceptors, and constructs to overexpress the genes have been available for some time. Phytochrome overexpressors have been shown to produce strong phenotypes, many of which are desirable from the perspective of yield, harvest time or plant architecture. The blue light (B) sensing cryptochromes influence most of the same processes as the phytochromes. Cryptochrome overexpression thus can also be used to confer desirable phenotypes by overexpression. The phototropins control blue lightinduced phototropic responses, chloroplast positioning, leaf expansion and stomatal opening (Kagawa, 2003) . While there is potential to modify these responses by altering expression of the phototropins or their signaling partners, there is currently minimal published work on biotechnology applications of the phototropins. Photoreceptor overexpression as a biotechnology tool is discussed in Section III.
Further evidence of the ability of phytochrome photoreceptors to control many aspects of plant growth and development is given by the severe pleiotropic phenotypes of mutants in multiple photoreceptors, or mutants in the synthesis of the phytochrome chromophore (Hudson, 2000) . The techniques and challenges of exploiting photoreceptor mutations and natural genetic diversity are discussed in Section IV.
Applications of plant photoreceptors are not limited to the engineering of plant development and metabolism. The unique biochemical properties of plant photoreceptors, particularly the phytochromes, make them attractive candidates for molecular biotechnology with wide-ranging applications. The phytochrome holoprotein is photoconverted between two states by pulses of R and FR. This bistable property of phytochromes could potentially be exploited in a number of ways as a molecular switch.
Examples include using phytochrome as a light controlled switch to regulate gene expression, or as a highly fluorescent molecular marker to monitor other biological processes. Details of these ex planta applications are described in Section V of this chapter.
II. Approaches to modification of photomorphogenic responses in crop plants

Dwarfing plants using photoreceptors
The first application for photoreceptor biotechnology became apparent when the first photoreceptor overexpressing plants showed a dwarfed, dark green phenotype (Boylan and Quail., 1989 , Keller et al., 1989 , Kay et al., 1989 . Dwarfing is a widely utilized method of increasing yield or other desirable characteristics by reducing the resources allocated to structural growth. In the case of a dwarf cereal such as wheat or rice, yield is increased by partitioning more photosynthate to the grain at the expense of the structural components of the plant (Salamini, 2003) . Dwarfing also renders crops more resistant to mechanical flattening by wind or rain. Dwarf wheat and rice varieties have thus become the choice of most growers.
Dwarf crop varieties in wide use generally carry mutant alleles that affect gibberellin pathways (Peng et al., 1999) . However, creation of such mutants in crop species or varieties where they do not yet exist, particularly those with duplicated genomes, is by no means straightforward. Modification of growth regulator pathways using transgenic techniques is a powerful tool, but can be difficult to control. It can lead to pleiotropic dwarfing effects that substantially alter growth and development, making leaves much smaller and hence reducing photosynthetic capacity and potential yield (Curtis et al., 2000) . Photoreceptor overexpression is a more controllable tool, with the ability to create dwarfed plants that are not compromised in any aspect of their development that reduces photosynthetic capacity. Such a tool has obvious potential for agronomic application. A recent example of such an approach is the dwarfing of aromatic rice varieties by overexpression of Arabidopsis phyA (Garg et al., 2005) . Details of this and other applications of photoreceptor-mediated dwarfing are given in Section III.
The shade-avoidance response of light spectral quality, and are collectively termed the "shade avoidance syndrome" (Smith, 1995, Franklin and Whitelam, this volume) The shade avoidance syndrome strongly influences both resource partitioning and growth patterns in almost all plant species investigated, including Arabidopsis, maize, tobacco and some tree species (Smith, 1995 , Smith, 1981 , 1983 , Robson et al., 1996 , Gilbert et al., 2001 . The syndrome displays common elements in all the species in which it has been identified. Shadeavoiding plants display rapid elongation growth and accelerated reproduction at the expense of leaf expansion and photosynthetic pigment production. The number of embryos that develop on each plant is usually reduced, leading to reduced yield of grain or seed. Shade-avoiding plants also allocate more photosynthate to stem elongation, and less to storage organs such as tubers. Consequently, although shade avoidance is an adaptive response in wild populations, in a densely-grown crop it can lead to yield loss, poor harvest timing and undesirable morphology. Although most modern crops achieve optimal yields when grown at high planting densities, few are bred for responses to light spectral quality. Modification of shade avoidance thus has substantial potential for crop improvement.
Plants distinguish variations in light quality resulting from absorbance of solar irradiation by chlorophyll, even when the total photosynthetically active radiation (PAR) is high. This is possible because the ratio of red to far-red light (R:FR), and hence the equilibrium between the active (Pfr) and inactive (Pr) forms of phytochrome, is strongly proportional to the density of vegetation in the immediate vicinity. (Smith, 1995, Smith and . This proportionality is caused by the depletion of R, with respect to FR, in light transmitted through or reflected from the leaf canopy. Plants are therefore sensitive to crowding to a large extent because they respond to the spectral quality of vegetation shade via the phytochrome family of photoreceptors (see Franklin and Whitelam, this volume, Devlin, this volume, Casal et al., 1997) . Importantly, mutants in the genes encoding light stable phytochromes, particularly phyB, have a pleiotropic phenotype which includes increased elongation, increased apical dominance, reduced chlorophyll levels per unit leaf area and early flowering. This simulates the effect of vegetation shade, probably because both leaf area and flowering time are controlled by Pfr levels in light grown plants. Although phyB plays a dominant role in shade avoidance (Quail 1994) other phytochromes also play a role (Smith and Whitelam, 1997) . Just as phyB mutants can simulate an extreme shadeavoidance response, plants that overexpress phytochromes can be used to reduce the extent to which the shade-avoidance syndrome influences plant morphology and development. PhyB overexpression has thus been used successfully to modify shade avoidance characteristics, and achieve increased yield in field crops (see Section III).
The phytochrome A (phyA) photoreceptor has a unique ability to respond more strongly to far-red than to red light, and phyA overexpression (see Section III) has proved to be particularly effective in antagonizing shade avoidance responses (Casal et al., 1997 , McCormac et al., 1992 . The transcription of the wild type phyA gene is repressed in response to light, and the protein is degraded (See Schafer, this volume). The far-red high irradiance response (FR-HIR) mediated by phyA is therefore normally observed only in etiolated seedlings or de-etiolating seedlings in dense canopies. Overexpression of phyA with a constitutive, viral promoter can extend the FR-HIR into de-etiolated plants, creating an artificial response which is antagonistic to the shade-avoidance syndrome (McCormac et al., 1992) . This in turn can be used to increase the harvest index of crops grown in dense stands (Robson et al., 1996) . Three candidate factors are known in Arabidopsis that could be used to mediate such fine control of the shade-avoidance pathways -PHYTOCHROME INTERACTING FACTOR 3-LIKE 1 (PIL1), ATHB-2 (also known as homeobox-leucine zipper protein 4 (HAT4)) and LONG HYPOCOTYL IN FAR-RED1 (HFR1). The basic helix-loop-helix (bHLH) transcription factor PIL1 was identified as a gene whose mRNA is rapidly induced under low R:FR light conditions. Loss-of-function pil1 mutants display several phenotypes that indicate PIL1 is necessary for shade-avoidance responses to transient low red:far-red light (Salter et al. 2003) . ATHB-2 is a homeodomain-leucine zipper (HD-zip) protein that, like PIL1, is strongly regulated by R:FR (Carabelli et al., 1993 (Carabelli et al., , 1996 .
Overexpression of ATHB-2 causes effects on cell elongation consistent with shadeavoidance, and antisense repression of the gene has an opposite effect (Steindler et al., 1999) .
The hfr1 mutant has a strong effect on the phenotype of shade-avoiding plants.
This mutant was isolated because it has a reduced response to FR in etiolated seedlings, implying a role in phytochrome A signaling responses (Fairchild et al. 2000; Fankhauser and Chory 2000; Soh et al. 2000) . The HFR1 transcript, which, like PIL1, encodes a basic helix-loop-helix transcription factor, is strongly and rapidly induced in wild-type plants in response to low R:FR. However, the mutant also shows greatly increased shade avoidance responses, implying that HFR1 acts as negative regulator of shade avoidance, perhaps in order to prevent an excessive response causing the death of the seedling (Sessa et al., 2005) .
Although ATHB-2, PIL1 and HFR1 are all clearly involved in the mediation of changes in gene expression leading to shade-avoidance, there is more work to be done before the mechanism is fully understood. However, since they do not seem to be involved in global photomorphogenic responses, these loci provide the potential to target shade avoidance responses specifically, using traditional genetic or transgenic techniques as part of crop breeding programs.
Alteration of the timing of flowering
The ability to alter at will the time of year at which a crop flowers or is ready for harvest has obvious potential for crop improvement. By the same means, depending on the organism, it may be possible to control the timing of fruit ripening, tuberization, grain filling and other related traits. Overexpression of phytochromes generally leads to later flowering (Robson and Smith, 1997) . Loss-of-function mutants in phytochrome genes, for example the Ma3R allele of sorghum (Childs et al., 1997) , tend to flower early and/or be insensitive to photoperiod, generally by flowering earlier under non-inductive conditions (see Section IV). Antisense ablation of phytochrome B transcript removes the photoperiod requirement for tuberization in potato (Jackson et al., 1996) . Mutations in the cryptochrome genes also cause reduced sensitivity to photoperiod, but have the converse effect (causing plants to flower later under inductive conditions), in Arabidopsis , El-Din El-Assal et al., 2003 . In contrast, cryptochrome mutants of pea are early flowering (Platten et al., 2005) . In addition to the complexity added by the different photoperiodic responses of different species, altered photoreceptor levels affect many other aspects of phenotype and cause pleiotropic effects. This may make photoreceptor modification too blunt an instrument to alter flowering / harvest times of crops without affecting yield.
However, as for shade avoidance, there are other examples of non-photoreceptor signal transduction components, usually transcription factors, which have a significant effect on flowering time. The signaling components controlling floral induction are better characterized, and have been known for longer, than those involved in shade-avoidance.
These factors therefore provide a means of engineering the timing of flowering without influencing other aspects of photomorphogenesis. The field is too broad to review in detail here; examples include the zinc-finger protein CONSTANS (CO) (Putterill et al., 1995) , the MYB family regulator LATE ELONGATED HYPOCOTYL (LHY) (Schaffer et al., 1998) and the transcription factor INDETERMINATE1 (ID), which is required for the transition to flowering in maize (Colasanti et al., 1998) . There are relatively few examples so far of biotechnology being used to alter photoperiodic flowering in plants using these signaling components. Flowering time (hence generation time) has been modified in citrus trees using overexpression of the transcription factors LEAFY and APETALA1 (AP1) (Pena et al., 2001) . As another example, the discovery of the role of VERNALIZATON2 (VRN2) in the control of flowering in wheat (Yan et al, 2004 ) is an example of a genetic mechanism which leads to a potential future biotechnology application in the control of flowering time. The authors demonstrate that a transgenic RNAi approach can reduce VRN2 transcript levels and accelerate flowering time of winter wheat by more than one month.
Taxonomic differences and similarities in higher plants
The use of photoreceptor biotechnology to influence patterns of growth and development is complicated by the taxonomic differences in photoreceptors and photomorphogenesis between plant species. The developmental effects of light signals on plants with diverse body plans are necessarily different. In addition, the photoreceptor systems themselves have undergone independent evolution within the angiosperms. The best characterized example of this is the phytochromes (Matthews, 2005) . Based on data from rice and other monocot species there are three phytochromes genes, PHYA, PHYB and PHYC, in monocotyledons. This is true except where genome duplication or polyploidy has multiplied the complete family, as is the case in maize (Sawers et al., 1995) . In dicotyledons, it is also usual to have one PHYA gene and one PHYC gene.
However, all of the dicots examined so far have multiple B-type phytochromes (in Arabidopsis, designated B, D and E; in other species often designated B1, B2 etc).
Complete genome sequencing has now provided firm evidence that there are no more than five phytochrome genes in Arabidopsis, and no more than three in rice. The greater diversity of B-type phytochromes in the dicots may indicate increased selection pressure on these genes, which may in turn reflect divergent evolution of shade-avoidance responses. Whatever the evolutionary implications, this fact complicates the design of experiments intended to modify phytochrome responses by transferring phytochrome genes between species.
In addition to the above differences, the responses mediated by phyA, phyB and phyC vary between monocots and dicots, as indicated by the phenotypes of knockout mutants. The full sets of five phytochrome mutants in Arabidopsis (Franklin and Whitelam, 2004) and three phytochrome mutants in rice (Takano et al., 2005 ) are now available. The contrasting roles of the evolutionarily orthologous phytochromes in these species indicate that photosensory function cannot be assumed on the basis of the evolutionary relationships of the photoreceptors.
In Arabidopsis, phyA mediates seeding responses to FR in the HIR response mode, and responses to R and FR in the VLFR response mode. In contrast, phyB mediates most of the responses to R in light-grown plants, and is the predominant receptor for the classic R/FR photoreversible LFR response. Shade-avoidance, or R:FR, is also primarily the role of phyB in wild-type plants although all the phytochromes seem to contribute to this Whitelam, 1997, Franklin and Whitelam, 2004) . The phenotypes of phyC mutants are more subtle, and overlap somewhat with phyB FR Monte et al., 2003) .
In contrast, the perception of R/FR photoreversible responses in rice is mediated by both phyA and phyB. Both phyA and phyC can mediate responses to continuous FR, and phyC does not appear to be involved in the perception of continuous R (Takano et al., 2005) . These significant differences highlight the difficulty in applying breeding or transgenic photomorphogenic strategies to crop improvement in different species without a detailed knowledge of the underlying mechanisms of photomorphogenesis in the species under investigation.
Hints of different signaling mechanisms of photomorphogenesis between higher plants have also emerged from transgenic experiments. The strongest dwarfing obtained by phytochrome overexpression has been by using monocot PHYA genes from oat or rice, introduced into dicots such as tobacco (Kay et al., 1989 , Keller et al., 1989 , Robson and Smith, 1997 . When extra copies of the native tobacco phyA gene are introduced into tobacco under the control of the same promoter, the phenotype generated is much more subtle (Hudson, 1997) . The effect of oat phyA overexpression in rice or wheat is marginal (Clough et al., 1995 , Schlumukhov et al., 2003 . Conversely, the introduction of an Arabidopsis PHYA gene into rice causes significant dwarfing and the promise of substantial increase in yield (Garg et al., 2005) . A likely explanation for this observation is that the feedback controls acting post-transcriptionally on the native phytochromes (especially phyA) are not able to control introduced phytochrome genes as tightly. This can be explained by the introduced coding sequences being from a distantly related species, and thus substantial peptide sequence divergence from the native protein.
Consequently, while the use of phytochrome modifications across species boundaries is not well understood, it may prove to be an important tool in the successful use of photomorphogenic modification by transgenic techniques, particularly in cases such as aromatic rice varieties, when the target phenotype is yield increase by dwarfing. Table 1 (for lower plant phytochrome expression experiments, see Robson and Smith, 1997) .
Most is known about the behavior of phytochrome overexpression constructs in tobacco, potato and Arabidopsis than in other species, since genetic transformation of these plants has been straightforward for some time. However, improved transformation technologies have led to phytochrome overexpression being applied in rice (Clough et al., 1995 , Garg et al., 2005 and wheat (Schlumukhov et al., 2003) .
One of the best examples of the potential of phytochrome expression to increase yield in plants is the overexpression of phytochrome in potato. Additional copies of the potato PHYA and Arabidopsis PHYB genes have been introduced into potato under the control of the 35S promoter (Heyer et al., 1995 , Thiele et al., 1999 . Overexpression of PHYA leads to dwarfing and a reduced response to R:FR (Heyer et al., 1995) . Overexpression of PHYB leads to substantially increased tuberization ( Figure 1 ) and a greater tuber yield from plants grown in controlled environments (Theile et al., 1999) . This result extends to field-grown plants, where phyB overexpression causes significantly increased tuber yields in densely-grown plots (Boccalandro et al., 2003) . The effect of phyB overexpression in field-grown potato is consistent with a reduced shade-avoidance phenotype (Section II). The source of the increased yield is likely to be altered resource partitioning, and this method may thus provide a general means of increasing the yields of potato tubers, likely without the need for increased use of artificial fertilizers or pesticides.
In addition, a quantitative difference in tuberization in S. tuberosum ssp. andigena is observed in phyB antisense transgenics (Jackson et al., 1996) . In this potato subspecies, tuberization is normally dependent on short day conditions. The antisense ablation of the PHYB transcript allows tuberization to occur under long day conditions, making this an example of the modification of yield timing characteristics using photoreceptor biotechnology (see Section II).
Tobacco is also a good model in which to study the effects of dwarfing and of shade avoidance, since it has a simple, consistent growth habit and puts a significant amount of resources into the formation of internodes. By redirecting the resources devoted to stem elongation into leaf development, there is the potential to achieve a theoretical increase in yield, without complications of altered flowering or harvest time associated with grain crops or tubers. Robson et al (1996) demonstrated that relatively subtle increases in phyA levels (using the PHYA gene from Avena sativa) can cause dwarfing in tobacco plants which is conditional on the plants being grown in dense stands (proximity-conditional dwarfing). The result of this is an increased harvest index in the transgenic plants, which allocate more resources to leaf formation (tobacco "yield") than to stem formation when grown densely (Figure 2) . However, the phenotype and yield of plants in less dense stands (where light is not limiting and dwarfing is less desirable) is little affected, leading to the promise of a crop that could survive extensive damage more effectively.
Monocotyledon crops (wheat and rice) have also been modified through the use of phytochrome overexpression. Significant alteration of yield or morphology has not yet been accomplished by means of Avena PHYA introduced into rice or wheat (Clough et al., 1995 , Schlumukhov et al., 2003 . However, Arabidopsis PHYA overexpression in aromatic rice (Oryza sativa L. Pusa Basmati-1) has been demonstrated to create a strong dwarfing phenotype, including reduction in plant height, reduction in internode length and diameter, and an increase in panicle number (Figure 1, Garg et al., 2005) .
Importantly, the dwarfed plants show a substantial increase in yield, at least under greenhouse conditions. This interesting application of photoreceptor biotechnology is especially promising because of the failure of breeders to incorporate the dwarfing genes that have increased yields in other rice varieties into aromatic rice without losing the distinctive flavor of the grain. Phytochrome overexpression therefore provides a ready means of increasing yield by dwarfing in crops where dwarf genotypes are not available, or where introduction of dwarf traits is too complex, as in aromatic rice. Overexpression of signaling components
Currently, modification of morphology by mutation and overexpression of signaling components has been restricted to experimental analysis of signaling pathways (Quail, this volume). These phenotypes can be restricted to a subset of photomorphogenic responses; for example, NDPK2 knockouts seem to be affected in seedling hook opening but not in hypocotyl elongation (Choi et al., 1999) . Since this approach has the potential to specifically target certain aspects of photomorphogenesis, it has great potential for biotechnology application. However, since the phenotypes of signaling component transgenics or mutants are generally much less strong than those of photoreceptor transgenics or mutants, it may be more challenging to achieve a substantially altered yield using this approach.
IV. Modification of photomorphogenesis by utilizing genetic diversity
Natural variation in photomorphogenesis
One of the areas of photomorphogenesis research that has made rapid progress in recent years is the understanding of the role of photoreceptors and photomorphogenic alleles in natural variation and evolution. It has been clearly demonstrated that both reduced and increased phytochrome expression measurably reduce the fitness of plants competing in canopy environments (Schmitt et al 1995 Research in this area is currently focused on the evolution and variation in photomorphogenic systems amongst accessions derived from wild populations. A large number of variable photomorphogenic responses have been described amongst related sub-populations of various species (Maloof et al., 2000) . The recent advances in describing the molecular basis of these variable responses has been almost entirely generated by using large numbers of wild-derived accessions of the model plant Arabidopsis thaliana. To the surprise of many photobiologists, natural photoreceptor mutants exist and survive within wild populations of Arabidopsis. The WS accession of Arabidopsis is naturally mutated in the phytochrome D gene (Aukerman et al., 1997) and this example has been enforced by the discovery of a natural phyA variant with greatly reduced FR sensitivity in the Lm-2 accession in a screen of 141 accessions for light response (Maloof et al., 2001) . In addition to the Lm-2 variant described by Maloof et al, their screen demonstrates that a great deal of natural variation exists amongst the wildcollected Arabidopsis accessions. Significantly, an association mapping study for flowering time has revealed a novel allele of CRY2 in Arabidopsis (El-Din El-Assal et al , 2001). This indicates the potential of natural variation in photoreceptor sequences to influence another agronomically significant trait, timing of reproduction / harvest. These and other results have led to greatly increased interest in genomic approaches to analyzing natural variation in Arabidopsis among evolutionary biologists (Maloof, 2003, Shimizu and Purugganan, 2005) .
It has recently been demonstrated using microarray profiling that one of the most variable transcripts in expression level between Arabidopsis accessions is the PHYB transcript (Chen et al., 2005) . This variability can be explained by the presence of a large degree of sequence diversity in the promoter and intron regions of the PHYB locus (the regions mostly responsible for the control of transcription). These results give weight to the notion that genetically controlled variation in photomorphogenesis is a very significant component of evolutionary adaptation of plants to diverse environments.
Photoreceptors and photomorphogenic genes as targets for selection in crops
Given the above results, it is likely that genetic diversity in photomorphogenic pathways lies within the germ plasm collections of many crops, forming an untapped resource for crop yield improvement that does not require chemical applications or transgenes. While it is highly likely (see above) that the photomorphogenic systems of crops are sub-optimal in terms of their photomorphogenic responses, it is also likely that many of the morphological traits of modern crop plants have been selected to increase tolerance to higher planting densities (in particular leaf angle, internode length, tillering and timing of flowering). Given their influence on the morphology and resource partitioning in densely grown crops, photoreceptor genes will in some cases determine yield, particularly at high planting densities where shade-avoidance can be a strong factor in yield determination (Robson, 1996; Robson and Smith, 1997) . It is probable, therefore, that breeders have exerted some indirect selection on photomorphogenic traits such as shade avoidance during the breeding of modern crops. This is particularly likely when selection is primarily for increased yield at high planting densities.
For example, in maize, much, if not all, of the significant increases in yield delivered by modern cultivars can be attributed to higher tolerance for crowding (Duvick, 1997) rather than an increase in yield on a per-plant basis. It is understood by maize breeders that photosensitivity can have a negative impact (Salamini, 1985) and so breeders may have altered their selection to compensate for this.
Selection for aberrant photomorphogenic traits in mutagenized, inbred populations, and selection for daylength-insensitive flowering within cereal breeding programs, both lead to the isolation of photoreceptor mutants (see Table 3 ). This demonstrates the ease with which photomorphogenic variants can be isolated within a population under selection. None of the loci or traits thus isolated has yet been of agronomic benefit; even the lines of crop species isolated within field populations tend to have extreme, pleiotropic phenotypes (Childs et al., 1997 , Hanumappa et al., 1999 .
However, it is likely that selection for more subtle photomorphogenic loci could occur without generating the same pleiotropic phenotypes, and that these loci could be significant in determining desirable traits . Although increased yield at higher planting densities can be partly explained by increased tolerance to drought and other stresses (Bruce, 2002) , the altered morphology of newer cultivars is also likely to play a role (Fellner et al., 2003) . One strategy for increasing crop yields further is to understand and maximize the light signaling systems that allow these cultivars to tolerate to high density planting (Maddonni et al. 2001 , Maddonni et al. 2002 . indirectly selected for genetic loci that reduce light responsiveness in maize (Markelz et al. 2003) .
Despite these attenuated photomorphogenic responses, the characterization of a maize phytochrome mutant (Sawers et al. 2002) and the presence of shade avoidance responses in maize (Maddonni et al. 2002 , Smith, 1981 , 1983 ) strongly suggest that light responses not only are operational in adult, light grown maize, but have a significant impact on growth and development. Therefore there is still significant potential for alteration and optimization of these responses in maize.
Additionally, the presumed selection for certain photomorphogenic alleles in highly developed crops such as maize and wheat creates another potential application.
These alleles may at some point be transferable, using genetic transformation or some other method, to crops which have not had the benefit of thousands of years of selective breeding.
V. Photoreceptor biotechnology ex planta
Using phytochrome to control gene expression
The discovery of the extremely specific binding of the PIF3 bHLH transcription factor to the Pfr form of Arabidopsis phyB (Ni et al., 1999) In biotechnology and biomedical research, controllable systems of transcription are ubiquitous tools. Most such systems rely on the addition of a small-molecule regulator to induce or repress the synthesis of an mRNA; however once the regulator is added, it cannot easily be removed from the culture, leaving the mRNA synthesis permanently switched "on". Sato and coworkers were able to create a system where expression of a target gene (in their case the LacZ reporter) in yeast can be switched on by a pulse of red light, and switched off again by a pulse of far-red light. The induction of the lacZ reporter in response to a red light pulse was three orders of magnitude within three hours, and this induction was completely prevented by a far-red pulse given after the red pulse. This light-regulated system was created by fusing PIF3 to the transcriptional-activation domain of GAL4 (Gal4AD), and creating a chimeric, chromophorylated and photoreversible phyB-GAL4 DNA binding domain protein ( Figure 3A ). This creates a system where transcription is controlled by the recruitment of the PIF3:Gal4AD fusion, which in turn is controlled by the photoreversible conformation of phytochrome ( Figure 3B ). The induction of gene expression can be induced at any time with a pulse of red light, and reversed at any time using a pulse of far-red light ( Figure 3C ).
Currently, the techniques required to extract and handle the phycocyanobilin chromophore, and culture yeast in darkness with defined light sources, are not easily accomplished outside a plant photoreceptor laboratory. In addition, the chromophore containing media causes some signs of photodynamic toxicity in prolonged illumination (Shimizu-Sato et al., 2002) . However, engineering of a chromophore biosynthetic pathway into yeast should be relatively straightforward, since the pathway has already been successfully introduced in bacteria (Gambetta and Lagarias, 2001) . Such a chromophore-producing yeast strain would make this approach feasible in most molecular biology laboratories.
There is no fundamental barrier to prevent this technology from being extended to other organisms, for example Drosophila embryos or mammalian cell lines. If the idea of systems biology is to be taken seriously, the ability to turn on and turn off expression of genes very rapidly will become indispensable in order to model the dynamics of cellular biochemistry and regulatory networks (Kaern et al., 2003) . With chromophore biosynthetic genes added to the system, this method could therefore become a very widely used research tool.
Phytochromes as fluorescent probes
Fluorescent proteins are widely used as fluors in cell biology, microscopy, and in techniques such as RNA detection on "gene chip" microarrays (Zhang et al., 2002) . The use of fluorescent protein probes is extremely common in molecular and biochemical research and is now becoming important in medicine also, making the search for more intense fluorescent proteins at new wavelengths increasingly important. Biliproteins such as phycoerythrin have an advantage in many applications over fluorescent dyes because of their high fluorescence quantum yield, and hence high signal: noise ratio.
Although phytochromes are biliproteins like the phycoerythrins, they are not normally fluorescent proteins (fluorescence quantum yield is less than 10 -3 at room temperature (Brock et al., 1987) ). Instead of photons captured by the bilin chromophore being re-emitted as energy at other wavelengths, the energy is used in the photoconversion process and stored in the conformation of the Pfr form, which slowly decays back to the Pr form in darkness. However, when the native chromophore is replaced by phycoerythrobilin (an analog of the natural chromophore which lacks the C15 double bond), the result is an intensely fluorescent, photostable protein that is presumably unable to undergo the Pr -Pfr conversion (Murphy and Lagarias., 1997) . The phytofluors have emission maxima in the 580-590nm range, where no fluorescent probes are currently available. They have quantum yields of 0.7 -0.82, putting them in the same useful range as most of the other widely used fluorescent protein probes. Both of these parameters could likely be altered or improved by judicious site-directed mutation of the phytofluor apoprotein. The phytofluors may consequently be the first commercial application of phytochrome biotechnology (Fischer and Lagarias, 2004) .
Other potential uses of photoreceptors
The unique physical properties of phytochromes have led to a number of other suggestions for their possible utility outside the plant modification. The red-far red photoreversible property of the protein could potentially be used as a method for storing solar energy. It could also form the basis of an optical storage device such as those that have been envisioned for optical computers (Ni et al., 1999) . Understanding of the molecular structure of phytochrome is finally becoming more advanced, with a huge advance in the form of a phytochrome crystal structure (Wagner et al., 2005) . Knowledge of the physics of the photoconversion process, derived from the structural biology of phytochrome, may aid in the design of light-driven nanomachines, even if phytochrome itself does not play a role in these devices.
VI. Future directions in photoreceptor biotechnology
Genomics is likely to generate new tools for the modification of photomorphogenesis in plants. As the details of photomorphogenesis become clear in more plant species, and the genome projects of crops such as maize draw closer to completion, interest is likely to increase in using photoreceptors or their signaling pathways to cause targeted dwarfing, alter shade avoidance or influence other traits.
While the use of genetic transformation is likely to remain important in research into plant photomorphogenesis, knowledge of polymorphisms between crop cultivars will increase as a result of resequencing strategies applied across large germ plasm collections, and will lead to the production of large databases of genetic diversity at the molecular level. Combination of such databases with quantitative trait data is likely to lead to the discovery of photomorphogenic alleles that have arisen during the evolution or breeding of modern crop plants. Given the evidence for the importance of photomorphogenesis in determining yields, such alleles are likely to become the focus of targeted "smart breeding" approaches in order to incorporate complete optimal photomorphogenic systems into elite lines. For these reasons photoreceptors and photomorphogenesis are likely to become more important in the eyes of crop breeders and physiologists.
In terms of other applications of photoreceptor biotechnology, knowledge of the structure of phytochrome (Wagner et al., 2005 ) is likely to have significant impacts on the molecular biotechnology uses of phytochrome. It may now be possible to optimize light-driven gene control systems or phytofluors by intelligent domain-swap or sitedirected mutagenesis of key residues involved in photoconversion, PIF3 binding or chromophore binding. The ability to make such intelligent, evidence-driven modifications may allow photoreceptor scientists to move out of the "dark ages" and into a new era of advanced protein design.
